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By Newell D. Sanders a& John Palasice

The experinb3ntally  determined perfomance characteristics of
89 axial-flow turbojet engine have been used to estim,te the
effects of inlet total-pressure losses on net thrust and specific
fuel cons~tionat  a constetnt engine speed.

At low altitudes and fli&t Mach nwribers, inlet pressure
losses cause an incrsase in engine discharge tamperaWe and it is
possible that the mdmm allowable turbine teqmrature may be
exceeded. An inlet absolute total-pressure loss of 10 percent
will result in a thrust loss of 14 percent and a lS-percent
increase in specific fuel consumption based on net thrust.

At hi& altitudes and fli&t I&& nmibers, choking conditions
exist in the exhaust nozzle and the inlet pressure losses do not
affect the discharge ~ratures. Uftder these conditions, a
lo-percent loss in inlet absolute total preesure wuces a
22-percent 1088 in net thrust and a 16-percent increase in specific
fuel consumption.

If the exhaust-nozzle-outlet area is adjusted to compensate
for the effect of inlet losses on dischsrge temperature in the
nonchoking cases (low altitudes and B&h numbers), the thrust and
fuelconsumptionwiUbe changed inanrcnner si.Wlsr to the results
obtained in the choking cases.

The losses in the inlet air ducts, the diffusers, and the
de-icing equipment associated with turbojet engine installations
cause a reduction in the total pressure at the inlet of the engine
and result in reduced thrust and increased specific fuel ccmsumgtion.
An analytical evaluation of the effects of inlet losses on

mt
.
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the netthrustanithe  fuelecommyofanaxial-flow-ccmggmmor
Qpe turboJet engine with a two-stage turbine is presented herein.

!I!heanaIiysisiebasedonengineperfommnc 8 characteristics
that were determIned from experiments in the I!IACA Cleveland alti-
tude wind tunnel (refemnces  1 and,Z). Ihe experimental investiga-
tion did not include tests in which inlet losses were systemtically
varied, but the effects of these losses can be accurately estimted
fromtheexperimentallydetcrminedperforpl~~nc 6 characteristics of
the
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ThefoUmings~ols  areusedinthzI.ereport:

area, equsre feet

velocit;y of sound, feet per second

discharge coefficient

fuel-air ratio

jet Umzst, pounds

acceleration of gravity, 32.2 feet per second per second

flight Bch number, V/a

engine sp-b rpm

total pressure, pounds per square foot absolute

static pressure, pound8 per square foot absolute
2

dynmicpressure,p~, pound8 per square foot

gas constant, 53.4 foot-pounds per pound per OR

total~rature,OR

velocity, feet per second
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W msas rate of airflowthrou@engine,pounds  pereecond

Y ratio of specific heats

6 ratio of compressor-inlet total messure to static pressure of
NACA standard atmosphere at sea level

8 ratio of canpreersor-inlet  absolute totalteqerature  to
absolute static temperature of WACA standard atmosphere at
sea level

P density of air, pounds per cubic foot

7 engine total-temperature ratio, T&C2

Subscripts:

0 ambient cm free-stream conditions

1 nacelle Inlet

2 canpressor inlet

8 exhaust-nozzle outlet

The data were generalized to NACA standard sea-level condi-
tions by the following parsmeters:

N/+6 oorreoted engine speed, xg~~

WJZ
6 correctedairflow, pounds per second

ANAImI8

Inlet losses hflueme the turbojst engine in three ways: The
total pressures -out the engine sre reduced and consequently
the total pressure of the Jet is reduced; the temperature of the
Jetmustbe iucreasedtomaintain  constant engine speed; s&the
air flow is reduced appr0ximatel.Y in propcrtion to the reducticn of
air density at the engine inlet. When the pressure ratio across
the exhaust nozzle exceeds the choking value, the temperature and
pressure ratios across the eng¶.ne are independent & the inlet

In the analyses that follcm, different methods were used
~?~Bkoulating the nonchoked (subsonic jet velocities) and choked
08880. In all cases the engine speed was held constant at a value
of 11,500 rpa.
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Nonchoked exhaust nozzle. - The turboJet engine was treated as
a pump for raisiq the total pressure and temperature Cxp the air
and the gas-flow oharacteristics  of the en&e were matched with
the gas-flow characteristics of the exhaust nozzle.

Engine characteristics were detenzined from altitude-wind-
tunnel investigations (references 1 and 2j and are shown in fig-
ures ,1 and 2. The effect of the parameters of altitude, corrected
en@ne speed, effective inlet-pressure ratio P2/po, and Wt-
nozzl.e-outlet area on the relation between temperature and pressure
ratios across the engine is shown in figure 1. The corrected
enginespeeds  correspondto afixedengine speed cxP 11,500rpnat
the selected flight conditions. The vsriaticn  of corrected air
flow tith corrected engine speed for altitudes of 15,ooO and
25,000 feet is shown in figure 2.

The air-flow chmacteristics  of the exhaust nozzle were cal-
culated frm the equation

The relation expressed by this equation is illustrated. in
figure 3, in which engine presseure  ratio P8/P2 is plotted as a
function of temperature ratio 7 for a series of values of
com~eseor-inlet  corrected air flow per square foot of e-t-
nozzle-outlet area and for various values of affective inlet
pressure ratio P2/po.

The flow requirement8  lmpoeed simultaneously by the en&ne
characteristics and the nozzle characteristics are satisfied at
the intersection of the corresponding curves in figures 1 and 3,
respectively. In the thrust ccmputatlons, values of engke speed
(11,500 rpm), altitud;:  f$ight Wh number, and inlet absolute
total-pressure loss - were assumed.

Pl
Corrected engine speed

was calculated and the corrected air flow to the engine was read
fran figure 2. The curve in figure 3 corresponding to the selected
effective inlet-pressure ratio, exhaust-nozzle-outlet area
(1.27 sq ft), and nozzle discharge coefficient (0.99) was
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superimposed on the mrve in figure 1 corresponding to the oalcu-
lated correoted engine speed, andthe ~esmme andtemperature
ratios across the engine were found at the intersection of the two
curves. The equation used for calculating Jet thrust is

.

Choked edmust nozzle. -When the g~~ssure ratio aomss the
edmust nozzle was greater than the choking value, the air flow and
the pressure and temperature ratios across the engipe were a fun+
tionprincipally&  the oorreatedengine  speedandvariedonly
slightly with altitude and effective inlet-pressure ratio, as shown
by the results ti tin&tunnel investigations in figure8 4 t? 6.
The values ued in the analysis were taken frcm the &shed ourves
inthesefigums at the oorreoteden@ne  speed oomespondingto  sn'
actual engine speed af 11,500 rpm at the selected altitude and
flight Mauh number. The jetthrwtwas mGmlatedfromthefo~ow-
ing equation, which i8 applioerble  to a omvergent nozzle

.
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Reeults aP the analysis are presented as the loss in net
thrustaadthe imrease inspecifiofueloozlls~~icplbaeed~'net
thrust that acooinpany the mrying loss in inlet absolute total

presmre . Achakforcomertingram-pressure  remvery

to inlet absolute total-presawe loss is given in figure 7 for
flight Mmh numbers up to 1.0.
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Nonchoked exhaust nozzle. - When the sahauet nortle wui not
ohoked, aloae of inlet absolute total pressure redumdthe jet
thrust inprogortion  to thereduutioninair flowandthe redwtlon

in the pres8um-ratio  fun&ion J$F, and lrmreaaedthe

jetthmetinproportic0tothe  inarea8e8krtheequarerootof  the
over-all temperature ratio. A9 an example, the effeote of a
lo-percent lo88 in inlet absolute total preesure at a flight Maoh
number of 0.4 and an altitude cf 15;OOO feet are shown in the
following table:

Pressure ratio, P6/po, no loss . . . . . . . . . . . . . . 1.675
Temperature ratio, T6/!C2, no~loee . . . . l . . . . . . . . 2.62
Peroentage change caused by lo-pement

inlet abrrolute  total-pressure 1088

.

Pressure-ratioreduation,  percmnt . . . . . . . . . . . . . 6.0
Tmuperature-ratio increase, percent . . . . . . . . . . . . 6.3
ReductionaE'net  thrust perunit
mbteofaArflow,pement . . . . . . . . . . . . . . . . 4.0

Air-flow redwtim, perwnt . . . . . . . . . . . . . . . . 10.0
Net-thru6treduotion,  percent . a . . . . . . . . . . . . .l3.7

The p$eseure-ratio  r&u&ion is only 6 pement beoauee,the pre~&~~~s
ratio amoss-the engine inbeae~6-with  iri0raaslng  lxung6rature'mtio.

-. .,,T?w re.M+m ,qr9 .tUvt Joy. $T? h&j.@ ~W!o~tq tofti-&qwmw -
- .. -i&lj wa&'&~ink&~'IfnetSP (fig. 8). The d&p ip t-rat-

.rgatlo ? awose the engine? &s the inlet- lofmeo ineremed~am 3xsU: L
cated on the Qurvea. If the tuhauet-nozzle  azma were eeleoted to
give lnaximum thru%t with no inlet loseee, the inlet loeeea would

- oa~eth~termgersturetoriseabovethe nmxdmum allowable value.

choked exhawt noeels. -Uhena0hoJdngaondltiarexl6tedin  ' Y. ..
.I. . . the qhauat nozzle, Anlet lo8sqa no M eaw3ed an iadremialn

the 'over-alltmperatureratioandtherewaa  nolonger an increa8e
inthmkxt frcmincweasing.tmparature  andpreseure ratio auro~s the
engine to partly offset the af'feote of Inlet preeeure and air-flaw
lo&tees. For example, at an altitude of 15,000 feet and a flight
Mach number of 0.8, ohoking conditiona  existed; a& the effeote of
a lo-percent loss of inlet ab8olute total preemre are shovn in the
following table:

.
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Preseure ratio, P8/pO, no lose . . . . . . . . . . . . . . . 1.84
Percentage uhange cansedby lO-percent  inlet

absolute total-preseure lose

Pressure-ratio reduction, percent . . . . . . . . . . . . . 10.0
Reduction of net thruet per unit

rate of airflow, percent . . . . . . . . . . . . . . . .14.0
Air-flow reduction, percent . . . . . . . . . . . . . . . . 10.0
Net-mt reductlcn, percent . . . . . . . . . . . . . . . 22.5

The thrust 108s was approximstely propcrtional to the Anlet
abeolute total-pressure loee, as ehoun in figure 8 for flight at an
altitude of 15,000 feet end at Mach number6 of 0.4 and 0.8, The
departurefran~~ionalityatthehi~erMao;hn~b~~~the
Inlet absolute total-pressure 10~s exceeded 10 percent resulted
because the preeatare at the e&au& nozzle fell below the choking
value andscme lncreaae intemperature acccmpanIed Increa8i.n~
losses.

Specific fuel ceptlon. -The specific fuelconsumptian ti
in~erselypropc&ionaltothethru8t per unit rate of airflowand
directly proportional to the fuel-air ratio. The fuel-air ratio ie
proportioIlal to T- 1. At au altittie of 15,000 feet end aMach
number of 0.4 (fig. 8, nonchoked nozzle), an inlet absolute total-
preesure 10~8 of 10 percent reduced the thru& per anit rate tzf air
flow by 4 percent, but a 6.3-percent increase in temperature reeulted
in a lo-percent immease  In fuel-air ratio. The over-all increase
in epecifYc fuel comumption was therefore 15 percmnt..

When the engine ie choked at the exhaust nozzle, inlet losses
cause Lncreaaea in apecifio fuel coneuqption purely through the
reduction cxf thru8t per unit rate of air flow. Ip the choked case
previouelymentfoned  (altitude, 15,000 feet; Mach number, 0.8), a
lo-percent lose of inlet absolute t&alIp'eeaure reduced the thrust
per u&t rate & air flow by 14 percent and the consequent increase
in epecWic fuel consumption wee 16 percent-
G 1

-thrust loss = 1 + specific-fuel-consumption  increase). The
close agreement between thie value of 16 percent and the value of
15 percent for the nonchoked caee is coincidental.

Curves showing the specific-fuel-conBumption  increases cor-
responding to the thrust losses are also given in figure 8.

Effect of flight Mach number. -Cha@ngtheMaohnumber
influenced the relation between thrust loas and inlet absolute
total-preesure 10~6 principally through the effecte of Mach ntmiber
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on choking at the exhaust nozzle. Inil- 8, increasu the MS&
nmiber from 0.4 to 0.8 resulted in en Increase a.!? thrust lava frczn
13.7 percent to 22.5 percent for au Inlet absolute total-pressure
less af 10 percent. At a&mhnuuiberof 0.4,the ~sure inthe
exhaust nozzle was well below chabing; snd at a Mach number af 0.8,
choking couurred In the exhaust noczle. Sliept Mach uu.Uber had
relatively little effect on the Zncrease In epeciilc fuel oonsump-
tion for a given inlst absolute total-peesure loss for the copdj-
tlons of figure 8,

UhenchokkgcondSions exlstedthrm@ut the ranges of
flight Machnumberuudsr consider&lon,thenetthrustdecreesed
very slightly with lncresslngfli&t I&ch Dumber (fig. 9).

EfYect of altitude. -Increasingthe altitude cf operationof
a Jet engine and holding the engine speed constaut results in
kcressed corrected engine speed, Increased tmperature  ratlo, snd
i.ncresaed pressure ratio. As the pressure ratio approaches cha
in th6 exhaust nozzle, the thrust losses acocunpsnying Inlet pres-
sure lasses beccmmore serious, ss prevlouslynoted. Izw~ressing
the altitude from15,OCO to 25,000 feet resuited in eu lmreased
effect of inlet absolute total-preseure.loss  on thrust. This
effect andthe Increase inspeclflc fuel consumption, vhich 3.s
greater at en altitude of 15,000 feet then at 25,000 feet, are
shown fn figure 10. This greater increase at the low altitude
resulted from a greater effect of Inlet loss on temperature ratio
aud a consequently greater increase in fuel-air  ratio. At altl-
tudes above 25,000 feet, the pr~881i??S  rakto amoss the exhaust
nozzle exceeds the ohokIng value and altitude has only a very am&l
effect 011 the thrust loss and the specific-fuel-consumptmption
inorewe.

Coustant-temperature  and variable nozzle area. - In cases
where the inlet losses have beenevaluated, the &rcraft or engine
designer should so seleat an ex%ust-nozzle-outlet area that the
maximum allowable temperature xl11 be obtained at maxImum allow-
able engine speed. When the exhaust-nozzle area is adJusted to
hold constant temperature, Inlet losses xillaffect  the thrust by
reducing the air flow and the total pressure at the Jet nozzle.
Consequently, the loss 3x1 thrust acccmpmylng Inlet absolute total-
pressure losses till be erl?nilar to the losses incurred when t&e
e?@ne 18 Operating at choking.Condition~~.  A lo-gerCe& 10~8 of
inlet absolute total pressure till pm&ace a thrust loss cf
approximately 22 percent and anlnmesse lnspeclfic fueloon&mp-
tion of about 15 percent.
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. SummaryaPthrustandfuelc~mqptions.-Theloss  inthrust
and the incresse in specific fuel conslnnpticu aoccmgsuyiug inlet
absolute total-pressure losses are sumnarised in figure 11 for the
flight conditions indicated by 1: in the following table. Data
for conditions marked by 0 are given in other figures.

Flight
Maoh
nuuiber

0
.4
.8

1.2
1.6

0

x
I

-w--w
--s--

Altitude

15,000 25,000 35,000

------ --w-w- ------
0 0 ---I--
0 0 ---e-w
X X x

w--m-- 0 I:

The vsriation of loss in net thrust and increase in net thrust
specific fuel 0onsumpbion with ram-prwsure recovery is shown in
figure 12 for au altitude of 15,006 feet and flight Mach numbers of
0.4, 0.8, and 1.2.

.

.
The followiug results are applicable to the 3000~pound-thrust

axial-flow turbojet engine inveetigated at fixed rotational speed:

1. The thrust loss was ap~imatielyproportionalto the1088
~5 inlet absolute total wwsure,

2. When the pressure ratio across the exhaust nOZZle was 1~388
then chow value, a lo-percent 1088 of Inlet absolute total
pressure resulted tiapproxImately14-percmt loss of net thrust
end 15-percent  increase in specific fuel consumption.  The dis-
charge temperature may Increase above mnrtrmrm allowablevalue.

3. When the weesure ratio across the exhaust nozzle exceeded
the choking value, a lo-percent loss in inlet absolute total pres-
sure resulted in approrimately 22-percent loss in thrust aud
16-percent  inCre88e in specific fuel consumption.  The dischszge
temperature did not change.

4. When the exhaust-nozzle area wss adjusted so that the dis-
chsrge temperature had the m&mm allowable value, at eachvalue
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of inlet pressure loss, the changes in thrust and specific fuel
consuurptionacc~ inlet pressure losses were similar tc the
changes when the engine was operating at choking conditions.

.5. Changes of altitude zud fli&t B&h number influenced the
relation of thrust and specific fkel consumption to inlet pressure
loss through the effect on the chokQg condition in the exhauet
nozzle. Atlowaltitude  and Mxchnmiber,  the pressure ratio across
the exhaust nozzle was less than the choking value; at high alti-
tudes and Mxch mu&era, the pressure ratio was greater than the
choking value.

7.~~3s FUghtPropubion Laboratory,
National Advisory Cc3mLttee for Aeronautha,

Cleveland, Ckio.

1. Rawkins,w.mnt,andM3yer, CarlL.: Altitude-zWind-Tuanel
Investi*tion of Operational  ChexacterLstlcs  of Westin&ouse
X24C-43 Axial-Flow TurboJet Engine. HAGA RM I&D. E8325, 1948.

2. l&ye, Carl L., aud Bloomr, H&my E.: Altitude-Wind-!I!unnel
Investigation of Performnce andWindmIllingDrag(%aracter-
istics of Westin&ouse X24C-4B !l?urbo Jet Ehglne. NACA RM
Nb. E8J25a, 1948.
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Engine total tmiperature  ratio, Tf12
(b) Altitude, 15,000 feet.

Figure 1. - Continued. Relation between sngha total-prarmm  ratio and en&m totnl-
tsmpsratura  ratio.
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(b) Effeotive Inlet-pressure ratio, P&O, 0.9.
Figure 3. - Continued. Erhaust-nozzle  cbaraaterietlcs.
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(4) IsrmYtive inletqm444urs  ratio, Pgho, 1.8.
Figure 3. - continued. Erbaust-noaosssle cbaraot4ristias.
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